Cytoplasmic dynein, a minus-end-directed microtubule motor, has been implicated in many fundamental cellular processes; however, little is known regarding the underlying molecular machinery that regulates its stability. In Aspergillus nidulans, nuclear distribution gene C (nudC) has been implicated in the regulation of dyneinmediated nuclear migration. Here, we characterize a previously undescribed mammalian NudC-like protein (NudCL). The expression and phosphorylation of NudCL are increased during mitosis. Depletion of NudCL by RNA interference in HeLa cells inhibits cell growth and induces mitotic arrest with multiple mitotic defects, which subsequently result in cell death. Unexpectedly, the majority of NudCL depletion-induced mitotic defects may result from loss of dynein function; this interpretation is supported by the failure to recruit sufficient ␥-tubulin to spindle poles and the mislocalization of the dynein complex from kinetochores, spindle microtubules, and spindle poles during mitosis. Depletion of NudCL also results in the aggregation of dynein intermediate chain throughout the cytoplasm during mitosis. NudCL was shown to bind to the dynein complex, and its depletion induces degradation of dynein intermediate chain, a process suppressed by MG132, a proteasome inhibitor. Taken together, these data suggest a previously undescribed mechanism whereby NudCL appears to influence the stabilization of dynein intermediate chain.
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chaperone ͉ mitosis ͉ proteasome ͉ degradation ͉ aggregation C ytoplasmic dynein is a microtubule-associated minus-enddirected motor involved in many fundamental cellular processes, including nuclear migration, mitosis, maintenance of the Golgi apparatus, and intracellular trafficking (1, 2) . Mammalian cytoplasmic dynein is a massive multisubunit complex composed of two heavy chains, several intermediate chains, lightintermediate chains, and various light chains (2, 3) . This complexity allows cytoplasmic dynein to be regulated in subtle ways at multiple levels. At a molecular level, the regulation of cytoplasmic dynein has two major modes: regulation of its subunits and regulation through accessory proteins (2, 3) . Among these associated regulators, the multisubunit dynactin complex plays a general regulatory role in cargo binding and processive movement of dynein (2) .
Studies of nuclear migration in the fungus, Aspergillus nidulans, have uncovered at least seven different nuclear distribution (nud) genes (4) . The characterization of nud mutants in A. nidulans that prevent nuclear migration into the mycelium revealed that the cytoplasmic dynein͞dynactin complex is a major contributor to these processes (4) . In mammalian cells, most nuclear distribution proteins are components of the cytoplasmic dynein͞dynactin complex or appear to regulate dynein function (4, 5) . The nudA, nudI, and nudG genes encode cytoplasmic dynein heavy, intermediate, and light chain, respectively, and the proteins encoded by nudK and nudM are actinrelated protein 1 and p150 dynactin, elements of the dynactin complex (4, 6) . The mammalian homolog of nudF is lissencephaly 1 (Lis1), a mutation that causes human lissencephaly (7) . Lis1, together with mNudE͞NdeI and NUDEL͞Ndel1, mammalian homologues of NudE, seems to regulate cytoplasmic dynein (7, 8) . A mutation in Aspergillus nudC induces the reduction of the protein level of NudF at restrictive temperature (9) . Mammalian NudC associates with Lis1 and the dynein͞ dynactin complex (10, 11) ; however, the function of mammalian NudC remains largely unknown.
Recently, we demonstrated that mammalian NudC is required for mitosis and cytokinesis (11) . Data from A. nidulans show that the nudC3 mutation greatly reduces the protein level of NudF (9) . We sought to determine whether similar events occur in mammalian cells. Our data show that the protein level of Lis1 was not significantly affected by depletion of NudC in HeLa cells, suggesting another homolog of Aspergillus nudC in mammalian cells. Here we report a previously undescribed protein that shares significant homology with Aspergillus and human NudC. Our data show that this NudC-like protein (NudCL) plays an essential role in mitosis and contributes to stabilization of the dynein complex.
Results
Characterization of NudCL Protein. To identify previously undescribed mammalian NudC homologs, we used the protein sequence of human NudC to search the database of National Center for Biotechnology Information with TBLASTN. We found an uncharacterized human sequence (GenBank; BC035014) homologous to human NudC and cloned this cDNA by RT-PCR with total RNA extracted from HeLa cells. It encoded a deduced 361-aa protein (GenBank; AAH35014) with a predicted molecular mass of 41 kDa; this protein shares significant homology with human NudC (identity, 26.0%; similarity, 59.0%) and Aspergillus NudC (identity, 32%; similarity, 50.4%), therefore, we named it NudC-like protein, NudCL. As is the case for Aspergillus and human NudC, NudCL has a predicted coiled-coil domain and a nuclear movement domain (pfam03593; National Center for Biotechnology Information) that contains a p23 domain (cd00237; National Center for Biotechnology Information; Fig. 1A) .
To characterize the function of NudCL, we raised a rabbit polyclonal antibody against GST-NudCL. After affinity purification, the anti-NudCL antibody specifically recognized NudCL protein (Fig. 7A , which is published as supporting information on the PNAS web site). Immunoblot analysis by using this antibody showed that NudCL protein is ubiquitously expressed (Fig. 7 B  and C) . We also found that, in interphase, NudCL colocalizes with both Golgi matrix protein GM130 and Golgi p58 protein in addition to some punctate distribution throughout the cell (Fig.  8 A and B , which is published as supporting information on the PNAS web site). NudCL diffused into the cytoplasm during mitosis and began to reassemble into vesicular structures, as did GM130 and Golgi p58 (Fig. 8C) . Moreover, NudCL obviously was enriched in purified Golgi membranes, as was GM130 (Fig. 8D ).
NudCL Is Regulated During Cell Cycle Progression. Because mammalian NudC is required for mitosis (11), we sought to address whether NudCL also is regulated during cell cycle progression. T98G cells were rendered quiescent by serum deprivation for 72 h and then released into 20% FBS for cell cycle reentry. FACS analysis (Fig. 1B) showed that these cells synchronously progressed through G 1 phase (4-12 h), G 1 ͞S transition (16 h), S phase (20 h), and G 2 ͞M transition (24 h). Synchronization also was confirmed by the phosphorylation of histone H3 and the expression of cyclin B1 (Fig. 1C) . NudCL, which is constitutively expressed at a low level during G 1 , showed increased expression at the G 1 ͞S transition and maintained a high level throughout the cell cycle, displaying a pattern similar to that of NudC (Fig. 1C) .
To assess whether NudCL is phosphorylated during mitosis, HeLa cells were transfected with pCMV-FLAG-NudCL, treated with nocodazole, and then labeled with [ 32 P]orthophosphate in vivo. The data showed that FLAG-NudCL was more highly phosphorylated in mitotic cells than in randomly growing cells (Fig. 1D) .
Depletion of NudCL Inhibits Cell Growth and Induces Cell Death.
To further characterize the function of NudCL, we depleted endogenous NudCL by vector-based RNA interference (RNAi; ref.
12). The vector, named pBS͞U6-NudCL, targets human NudCL in the coding region. We cotransfected pBS͞U6-NudCL or pBS͞U6 with pBABE-puro, which contains a puromycinresistance gene, at the ratio of 7:1 and added puromycin to the cell culture medium at 24 h after transfection to enable selection of transfection-positive cells. Forty-eight hours after transfection, most untransfected cells had been removed by selection with puromycin. The protein level of NudCL was greatly reduced from 48 h to 120 h after transfection, whereas the level of extracellular signal-regulated kinase 2 was unchanged ( Fig. 2A) . Using this strategy, we first determined whether NudCL is required for cell growth. Transfection with pBS͞U6 and pB-ABE-puro did not influence cell proliferation, whereas silencing of NudCL significantly inhibited cell growth (Fig. 2B ). Because deletion of nudC in A. nidulans causes morphological abnormalities and is lethal (13), we examined the viability of NudCL- depleted cells. Transfection with the control vector showed little effect on cell survival, whereas only 15% of NudCL-depleted cells remained attached to the culture dishes at 120 h after transfection (Fig. 2C) , implying that NudCL is required for mammalian cell survival.
Depletion of NudCL Induces Multiple Mitotic Defects. Because the expression of NudCL protein begins to increase at G 1 ͞S and NudCL is phosphorylated during mitosis ( Fig. 1) , we assessed cell cycle progression in the NudCL-depleted cells. FACS profiles showed that at 72 h after transfection, the cell population with a G 2 ͞M DNA content was significantly increased relative to that with a G 1 DNA content (Fig. 2D ), indicating that downregulation of endogenous NudCL may induce G 2 ͞M arrest. The increase of cyclin B1 in cells depleted of NudCL further suggests that there is a mitotic block in NudCL-depleted cells (Fig. 2 A) . Consistent with the data on cell survival, the percentage of cells with subgenomic DNA content started to increase dramatically at 72 h after transfection (Fig. 2D) , suggesting that depletion of NudCL is lethal.
To explore the mechanism of mitotic arrest in NudCLdepleted cells, we performed immunofluorescence experiments. Close examination of mitotic cells revealed several defects: At metaphase, the majority of NudCL-depleted cells (63% of 695 cells) displayed misaligned chromosomes, whereas few of the control cells (6% of 645 cells) presented a similar phenotype (Fig. 3A) ; at metaphase and anaphase Ϸ3-fold more NudCLdepleted cells (9% of 783 cells) than control cells (3% of 710 cells) revealed multipolar spindles (Fig. 3B) ; and, additionally, a majority of NudCL-depleted cells (69% of 294 cells) with an elongated, disordered spindle showed a loss of focus of the spindle pole and appeared to have failed to completely separate chromosomes as compared with control cells (7% of 278 cells; Fig. 3C ).
To extend these results, we examined the nuclei of cells in interphase at 96 h after transfection of pBS͞U6-NudCL. Approximately 30% of NudCL-depleted cells (941 cells) displayed a spherical shape with a dumbbell-like nuclear structure (Fig.  3D) , implying that sister chromosomes had not separated completely during mitosis. Approximately 2% of the control cells (1,042 cells) showed a similar phenotype. In addition, micronuclei were more frequent in NudCL-depleted cells (14% of 941 cells) than in control cells (3% of 1,042 cells; Fig. 3E ).
To rule out the off-target effects induced by the transfection of hairpin RNA vectors through a potential IFN response, we constructed a vector identical to pBS͞U6-NudCL, except for a mutation of 2 nt within the targeting sequence, and performed rescue experiments. Our data show that almost all of the mitotic phenotypes in cells transfected with pBS͞U6-NudCL are due specifically to the depletion of NudCL (Figs. 9 and 10, which are published as supporting information on the PNAS web site).
Depletion of NudCL Induces Dysfunction of the Dynein Complex.
Because NudCL appears to be related to nuclear distribution proteins that contribute to the regulation of dynein complex (4, 5), we reasoned that NudCL might be involved in dynein function. First, we examined dynein localization at its mitotictargeting sites. The dynein signal at most kinetochores was significantly decreased in cells transfected with pBS͞U6-NudCL from 48 h after transfection compared with that in control cells (Fig. 4 A and AЈ) . Intriguingly, the dynein recruited to the spindle poles in cells depleted of NudCL was significantly decreased compared with that in control cells (Fig. 4 B and BЈ) , whereas the dynein at the interphase centrosomes in NudCL-depleted cells was greatly increased (Fig. 4 C and CЈ) . In general, the intensity of ␥-tubulin at spindle poles during prometaphase and metaphase is at least 4-fold greater than that at centrosomes in interphase (14) . In cells depleted of NudCL, the intensity of ␥-tubulin signals at spindle poles was decreased considerably to a level at or below that at interphase centrosomes (Fig. 4 B and  BЈ) . Furthermore, the mitotic NudCL-depleted cells showed a significant increase in spindle length (from 8.6 Ϯ 1.0 m to 15.5 Ϯ 3.8 m; n ϭ 18), a loss of spindle pole focus and dynein mislocalization from spindle microtubules (Fig. 4 D and DЈ) . The mislocalized dynein appeared to aggregate during mitosis (Fig.  4 B, D, and E) . Altogether, these data suggest that a dysfunctional dynein complex mislocalizes from the targeting sites during mitosis and appears to aggregate at centrosomes in interphase and throughout the cell during mitosis.
NudCL Associates with the Dynein Complex. Because of the sequence homology between NudC and NudCL, we examined whether mammalian NudCL binds to the dynein complex as does NudC. Purified GST-NudCL protein bound to endogenous Lis1 and the dynein intermediate chain (IC) in cell extracts (Fig. 11 , which is published as supporting information on the PNAS web site). To determine whether NudCL interacts with the dynein complex in vivo, we transfected pCMV-FLAG-NudCL vector into HeLa cells. The proteins were immunoprecipiated with anti-FLAG or anti-dynein IC antibody, and the associated proteins were detected by Western analysis. FLAG-NudCL coimmunoprecipitated with endogenous Lis1 and dynein IC and, moreover, was detected in the dynein complex immunoprecipitated by anti-dynein IC antibody (Fig. 5) , indicating that NudCL associates with the dynein complex. 
Depletion of NudCL Induces the Degradation of Dynein IC.
Because protein aggregation indicates the existence of misfolded proteins that are prone to degradation by the proteasome pathway (15), we examined the stability of the dynein complex. We found that dynein IC began to decrease significantly at 72 h after transfection of pBS͞U6-NudCL and was detected at Ϸ15% of that in control cells at 120 h after transfection, whereas there was no significant change in the level of Lis1 and extracellular signalregulated kinase 2 (Erk2) (Fig. 6A) . To eliminate the possibility of NudCL depletion-induced dynein IC degradation by offtarget effects of RNAi, we developed the lentivirus-based RNAi system with a targeting region of NudCL mRNA different from that of the vector-based RNAi. We found that dynein IC decreased considerably in lentivirus-based NudCL-depleted cells, whereas there were no significant changes of Lis1, p150 dynactin, and dynein heavy chain (Fig. 12 , which is published as supporting information on the PNAS web site), suggesting that NudCL may be specifically required for the stability of dynein IC in mammalian cells.
To assess whether the degradation of dynein IC in NudCLdepleted cells is related to the proteasome pathway, we added MG132, a proteasome inhibitor (16) , into NudCL-depleted cells for 12 h and found that the level of dynein IC was significantly restored (Fig. 6B) . Taken together, these results indicate that dynein IC appears to be destroyed via the proteasome pathway in cells depleted of NudCL.
Discussion
In this communication, we provide evidence that (i) depletion of NudCL inhibits cell growth, causes multiple mitotic defects, and induces cell death; (ii) NudCL associates with the dynein complex; and (iii) NudCL appears to be involved in the stabilization of dynein IC.
A Role of NudCL in Mitosis. NudCL-depleted cells display a disordered mitotic spindle with chromosome misalignment and fail to separate sister chromatids normally, which is consistent with the accumulation of cells with dumbbell-like nuclei or micronuclei in interphase and elevated G 2 DNA content. These data indicate a dysfunctional kinetochore and partial defects in the mitotic spindle checkpoint, generally consistent, to some extent, with effects induced by the depletion of dynein IC in various systems (17-19). During mitosis, dynein motors are recruited to kinetochores at prometaphase and drive spindle checkpoint proteins to spindle poles at metaphase to inactivate the spindle checkpoint, which is required for activation of anaphase promoting complex and correct chromosome segregation (18) . Mislocalization of the dynein complex from the kinetochores during mitosis in NudCL-depleted cells may lead to mitotic arrest with activation of the spindle checkpoint and defects in chromosome segregation (1, 18, 19) .
In general, the recruitment of the ␥-tubulin ring complex, dynein͞dynactin complex, and other spindle-promoting factors to the pericentriolar material by the dynein complex at late prophase is essential for mitotic spindle formation (20) . In NudCL-depleted cells, both ␥-tubulin and dynein complex at the spindle poles are obviously decreased during mitosis. We found a major proportion of the dynein complex detached from disordered and elongated spindles, with a loss of spindle pole focus in cells depleted of NudCL, implying an impaired mitotic spindle machinery. A number of studies using various model systems have shown that mitotic spindle length can be influenced by microtubule polymer dynamics, sister-chromatid cohesion, or mitotic motor activity at different levels (21, 22) . In the Xenopus extract system, the dynein͞dynactin complex regulates mitotic spindle length by targeting Kif2a to the spindle poles, which is a microtubule-depolymerizing regulator and plays a key role in bipolar spindle assembly and spindle microtubule length (21) . The depletion of dynein IC by the addition of anti-dynein IC antibody into the Xenopus extract significantly increases the mitotic spindle length (21) . In Aspergillus, a ␥-tubulin mutant (mipAR63) in which NudI (dynein IC) does not localize to the spindle poles also shows a similar phenotype with much longer spindles (23), indicating that ␥-tubulin is required for localization of the dynein to the spindle pole. Therefore, the reduction of dynein IC and ␥-tubulin at mitotic spindle poles induced by NudCL depletion may contribute to the abnormal elongation of the mitotic spindle. Taken together, the majority of mitotic phenotypes in cells depleted of NudCL suggest that NudCL is involved in the dynein pathway in mammalian cells.
NudCL Is Required to Stabilize Dynein IC. In mammalian cells, NudCL, as well as NudC, interact with Lis1 and the other components of the cytoplasmic dynein complex (4, 10, 11) . In A. nidulans, extra copies of the nudF gene can rescue the nudC3 mutation phenotype by restoring the protein level of NudF (9), indicating that NudC may be upstream of NudF in Aspergillus. However, the protein level of NudF is not changed in A. nidulans in which NudC protein is down-regulated (13) . Furthermore, mammalian cells individually depleted or codepleted of NudC or NudCL also showed no significant change in the level of Lis1͞NudF protein (unpublished data). These data suggest that NudC and its mammalian homologs may not be upstream of NudF͞Lis1. Recent data show that NudE may be upstream of NudF in A. nidulans, because NudF overproduction effectively rescues the abnormalities induced by deletion of the nudE gene (24) , and similar results also have been obtained in yeasts and mammalian cells (25, 26) .
Unexpectedly, dynein IC, a key scaffold protein for the assembly of dynein͞dynactin complex (2), was greatly decreased in NudCL-depleted mammalian cells, implying that NudCL may play a role in stabilizing the dynein complex. This hypothesis is reinforced by the following data: First, in cells depleted of NudCL, dynein IC was mislocalized from its mitotic targeting sites and appeared to aggregate throughout the cytoplasm during mitosis. In interphase, dynein IC appeared as aggregates surrounding the microtubule-organizing center in cells depleted of NudCL, implying possible aggresome formation (15) . Importantly, the degradation of dynein IC induced by NudCL deple- tion was significantly suppressed by MG132, a proteasome inhibitor. Mutations in the gene for cytoplasmic dynein IC, Dic19C, in Drosophila, result in larval lethality, demonstrating that the dynein IC serves an essential function (27) , which was further supported by NudCL depletion-induced cell death reported here. Based on these observations, one possibility is that the dynein IC may be misfolded and is targeted to proteasomes for degradation in NudCL-depleted cells. This interpretation is consistent with the observation that dynein IC has a limited secondary and tertiary structure at near physiological solution conditions and requires other proteins to form a more ordered structure (28, 29) .
We note that the nuclear movement domains in all NudC homologues contain a p23 domain that shows sequence similarity to a conserved cochaperone p23 that has a passive chaperone activity to specifically associate with partially folded proteins, preventing their aggregation and maintaining fold-competent conformations (30) . Examination of the nuclear movement domain sequences of NudCL reveals that NudCL shares significant homology to p23 at its highly conserved positions (unpublished data), suggesting that NudCL may be involved in a chaperoning process. We speculate that NudCL may have a passive chaperone activity and bind to partially folded dynein ICs, preventing their aggregation until they are completely folded (Fig. 13 , which is published as supporting information on the PNAS web site). Further investigation clearly is needed to determine whether NudCL has a passive chaperone activity to dynein IC.
Materials and Methods
Cloning of Human NudCL. To identify human NudCL, the protein sequence of human NudC was used to search the National Center for Biotechnology Information database with TBLASTN. Based on the sequence of an expressed sequence tag (BC035014), one pair of primers, 5Ј-CGGGAGGCGACATG-GAGCCA-3Ј and 5Ј-GGCGAGGGTTTCCTTTCCTTC-3Ј, was designed to clone NudCL by RT-PCR from total RNA extracted from HeLa cells.
Plasmid Construction. Full-length NudCL was subcloned into pGEX-5X-1 (Amersham Pharmacia) and pCMV-Tag2C (Stratagene). The targeting sequence in the construct pBS͞U6-NudCL is 5Ј-GGGCATCAGGAAGTAGAGAAAG-3Ј, corresponding to the region 375-396 relative to the first nucleotide of the start codon.
Cell Culture, DNA Transfections, and FACS Analyses. HeLa and T98G cells were maintained in DMEM containing 10% FBS. HeLa cells were transfected by GenePORTER transfection reagent (Gene Therapy Systems, San Diego). Propidium iodide staining and cell cycle analysis by using CellQuest were performed as described in ref. 12.
Anti-NudCL Antibody Production. Rabbit polyclonal anti-NudCL antibody was generated by using bacterially expressed GSTNudCL as an antigen (Proteintech, Chicago) and was affinity purified.
Immunoprecipitation and Western Analyses. Immunoprecipitation experiments were performed as described in ref. 11 . The immunoprecipitates or total proteins isolated from mammalian cells were subjected to immunoblotting analyses with anti-NudCL, NudC (a gift from Li-yuan Yu-Lee, Baylor College of Medicine, Houston), cyclin B1, extracellular signal-regulated kinase 2 (Santa Cruz Biotechnology), dynein IC (Covance, Berkeley, CA), FLAG, Lis1 (Sigma) or phosphorylated histone H3 (Upstate Biotechnology) primary antibodies, and anti-mouse or anti-rabbit Ig horseradish peroxidase-linked secondary antibodies (Amersham Pharmacia). Immunoblotting analyses with extracellular signal-regulated kinase 2 were used as a loading control.
Immunofluorescence Staining. The cells grown on coverslips were fixed with cold methanol (Ϫ20°C) and then stained with antidynein IC, ␣-tubulin, ␥-tubulin (Sigma), NudCL antibodies, or anti-CREST (kinetochore) serum (Antibodies, Inc.) for 2 h at room temperature, followed by incubation with either Cy3-or FITC-conjugated anti-mouse or anti-rabbit Ig secondary antibody (Jackson ImmunoResearch) for 40 min. Finally, DNA was stained with DAPI (Sigma). The mounted coverslips were analyzed by confocal fluorescence microscopy (LSM510; Zeiss).
